Boychuk CR, Smith BN. Glutamatergic drive facilitates synaptic inhibition of dorsal vagal motor neurons after experimentally induced diabetes in mice. J Neurophysiol 116: 1498 -1506 , 2016 . First published July 6, 2016 doi:10.1152/jn.00325.2016.-The role of central regulatory circuits in modulating diabetes-associated glucose dysregulation has only recently been under rigorous investigation. One brain region of interest is the dorsal motor nucleus of the vagus (DMV), which contains preganglionic parasympathetic motor neurons that regulate subdiaphragmatic visceral function. Previous research has demonstrated that glutamatergic and GABAergic neurotransmission are independently remodeled after chronic hyperglycemia/hypoinsulinemia. However, glutamatergic circuitry within the dorsal brain stem impinges on GABAergic regulation of the DMV. The present study investigated the role of glutamatergic neurotransmission in synaptic GABAergic control of DMV neurons after streptozotocin (STZ)-induced hyperglycemia/hypoinsulinemia by using electrophysiological recordings in vitro. The frequency of spontaneous inhibitory postsynaptic currents (sIPSCs) was elevated in DMV neurons from STZ-treated mice. The effect was abolished in the presence of the ionotropic glutamate receptor blocker kynurenic acid or the sodium channel blocker tetrodotoxin, suggesting that after STZ-induced hyperglycemia/hypoinsulinemia, increased glutamatergic receptor activity occurs at a soma-dendritic location on local GABA neurons projecting to the DMV. Although sIPSCs in DMV neurons normally demonstrated considerable amplitude variability, this variability was significantly increased after STZ-induced hyperglycemia/hypoinsulinemia. The elevated amplitude variability was not related to changes in quantal release, but rather correlated with significantly elevated frequency of sIPSCs in these mice. Taken together, these findings suggest that GABAergic regulation of central vagal circuitry responsible for the regulation of energy homeostasis undergoes complex functional reorganization after several days of hyperglycemia/hypoinsulinemia, including both glutamate-dependent and -independent forms of plasticity. 
A BRAIN-MEDIATED MECHANISM of hyperglycemia was intimated long ago (Bernard 1855) , but the role of the insulin-independent central regulatory circuits in modulating glucose homeostasis has only recently been under rigorous investigation (Breen et al. 2013; German et al. 2011; Ryan et al. 2014; Scarlett et al. 2016) . Consistent with involvement of a "braincentered glucose regulatory system" involving the central control of autonomic function (Schwartz et al. 2013) , diabetes compromises several indexes of parasympathetic function, including altered gastric function (Rayner et al. 2001; Saltzman and McCallum 1983) , reduced insulin secretion (Ahren 2000; Mussa and Verberne 2008; Yamatani et al. 1998) , and dysregulated hepatic gluconeogenesis (Pocai et al. 2005b ). Chronic autonomic dysfunction can promote development of type 2 diabetes (Carnethon et al. 2003) , and compromised vagal function is directly linked to increased mortality (Thayer and Lane 2007) . Although historically attributed to vagal neuropathy (Horowitz et al. 2002) , compromised parasympathetic drive in diabetes often precedes degeneration of the vagus nerve (Mabe and Hoover 2011) , implicating altered central vagal circuit function as a component of diabetic dysautonomia. Consistent with this hypothesis, neural signaling in brain areas that regulate the autonomic nervous system is altered after periods of chronic hyperglycemia in rodent models of diabetes (Bach et al. 2015; Blake and Smith 2014; Boychuk et al. 2015b; Browning 2013; Gao et al. 2012; Halmos et al. 2015; Roseberry et al. 2004; Zsombok et al. 2011) . Additionally, the regulation of central autonomic circuits has been suggested as a potential therapeutic route for controlling diabetic hyperglycemia (Breen et al. 2013; Schwartz et al. 2013) , even in rodent models of type 1 diabetes with uncontrolled hyperglycemia, and these effects are mediated by the vagus nerve (Breen et al. 2012; German et al. 2011; Pocai et al. 2005a; Yue et al. 2015) . However, diabetesassociated effects on the brain stem circuitry that controls visceral homeostasis are not adequately understood.
The preganglionic parasympathetic motor neurons innervating most of the subdiaphragmatic viscera are located in the brain stem dorsal motor nucleus of the vagus (DMV). Together with sensory relay neurons in the nucleus tractus solitarii (NTS), the DMV regulates visceral function via the vagus nerve. Both glutamate and GABA mediate fast synaptic transmission in the DMV (Davis et al. 2004; Travagli et al. 1991) . GABAergic neurotransmission arising from inhibitory neurons in the NTS (Davis et al. 2004; Frank et al. 2009; Glatzer and Smith 2005 ) is arguably the most prominent regulator of ongoing vagal motor neuron activity (Travagli et al. 2006) . Consistent with the prominent role of GABA in regulating DMV neuron activity, GABA A receptor antagonist application into the vagal complex significantly alters gastrointestinal and pancreatic function (Feng et al. 1990; Mussa and Verberne 2008; Washabau et al. 1995) . Vagally mediated visceral functions related to energy homeostasis are thus tightly regulated by GABAergic signaling in the vagal complex.
This view, however, is somewhat simplistic, since the vagal complex comprises a heterogeneous population of neurons Doyle et al. 2004; Glatzer et al. 2003) with high levels of interconnectivity (Davis et al. 2004; Glatzer and Smith 2005) . In particular, glutamate acts both pre-and postsynaptically to facilitate GABA release in the DMV (Babic et al. 2011; Derbenev et al. 2006; Xu and Smith 2015) . Acute glucose application modulates synaptic glutamate release in a population of NTS neurons (Wan and Browning 2008) and directly modulates GABAergic NTS neurons (Boychuk et al. 2015a; Lamy et al. 2014) . After type 1 diabetes is experimentally induced, glutamate release in DMV neurons is significantly elevated (Bach et al. 2015; Zsombok et al. 2011) . Previous reports suggest that synaptic GABAergic inhibition is not overtly altered after diabetes when glutamate receptors are blocked (Boychuk et al. 2015b ), but the role dysregulated glutamate release plays in modulating GABAergic synaptic drive to the DMV is not known. The present study investigated glutamatergic drive to inhibitory circuits that regulate DMV activity in a murine model of type 1 diabetes. It was hypothesized that glutamate would prominently alter GABAergic, inhibitory synaptic transmission to DMV neurons from mice after chronic hyperglycemia and hypoinsulinemia. Synaptic variability and quantal analyses were utilized to further characterize glutamatergic facilitation of GABAergic IPSCs both under normal conditions and after disease.
METHODS

Animals
All experiments were performed on age-matched juvenile male (31.0 Ϯ 1.0 g; 45 Ϯ 2 days old) CD-1 mice (Harlan, Indianapolis, IN) housed in the University of Kentucky Division of Laboratory Animal Resources facilities under normal 14:10-h light-dark conditions, with food and water available ad libitum. The University of Kentucky Animal Care and Use Committee approved all animal procedures.
To induce type 1 diabetes with frank hyperglycemia, mice were fasted for 5-6 h before receiving an intraperitoneal injection of either streptozotocin (STZ; 200 mg/kg; Sigma-Aldrich, St. Louis, MO), to eliminate insulin-secreting pancreatic ␤-cells, or saline vehicle (0.1 ml). After injection, mice were returned to their home cages for 5-10 days. Blood glucose levels were monitored daily by tail snip (Onetouch Ultra; LifeScan, Chesterbrook, PA), and animals were used for experiments after Ն3 consecutive days of sustained blood glucose levels Ն300 mg/dl.
Electrophysiology
On the day of experimentation, mice were anesthetized with isoflurane to effect (i.e., lack of tail-pinch response) and decapitated while anesthetized. The brain stem was rapidly removed and submerged in ice-cold (0 -4°C), oxygenated (95% O 2 -5% CO 2 ) artificial cerebrospinal fluid (ACSF) with the following composition (in mM): 124 NaCl, 3 KCl, 26 NaHCO 3 , 1.4 NaH 2 PO 4 , 11 glucose, 1.3 CaCl 2 , and 1.3 MgCl 2 . The osmolarity of all solutions was 290 -305 mosmol/ kg; pH 7.3-7.4. The brain stem was mounted, and slices (300 m) were cut in the coronal plane using a vibratome. The slices were transferred to a holding chamber and incubated in warmed (30 -33°C), oxygenated aCSF for 1 h before being transferred to a recording chamber mounted on the fixed stage of an upright microscope (BX51WI; Olympus, Melville, NY), where they were continuously superfused with warmed (30 -33°C), oxygenated aCSF of identical composition to that used for slice preparation.
Whole cell patch-clamp recordings were performed under visual control using infrared illumination and differential interference contrast (IR-DIC) optics. Glass recording pipettes (2-5 M⍀; King Precision Glass, Claremont, CA) were filled with a solution containing the following (in mM): 130 Cs-gluconate, 1 NaCl, 5 EGTA, 10 HEPES, 1 MgCl 2 , 1 CaCl 2 , and 2-3 Mg-ATP; pH 7.3-7.4, adjusted with 5 M CsOH. Cs ϩ was used as the primary cation carrier to block K ϩ currents, which allowed consistent voltage clamp at depolarized membrane potentials and also diminished the contribution of postsynaptic GABA B receptors to inhibitory synaptic currents in recorded DMV neurons. GABA A receptor-mediated, inhibitory postsynaptic currents (IPSCs) were examined at a holding potential of 0 mV. Recordings were discarded if series resistance was Ͼ25 M⍀ or changed by Ͼ20% throughout the course of the experiment; mean series resistance was 11.8 Ϯ 0.8 M⍀. Electrophysiological signals were recorded using a Multiclamp 700B amplifier (Molecular Devices, Union City, CA), acquired at 20 kHz, low-pass filtered at 3 kHz, and stored to a computer using a Digidata 1440A digitizer and pCLAMP 10.2 software (Molecular Devices).
All drugs were bath applied until a steady state was reached (ϳ10 min), at which time analysis was done. Drugs included the GABA A receptor antagonist bicuculline methiodide (BIC; 30 M; R&D Systems, Minneapolis, MN), the ionotropic glutamate receptor antagonist kynurenic acid (KYN; 1 mM; Sigma-Aldrich), and the Na ϩ channel blocker tetrodotoxin (TTX; 2 M; Alomone Labs, Jerusalem, Israel).
Data Analysis
To determine drug effects on IPSCs, 2 min of continuous synaptic activity were analyzed offline using Clampex 10.2 (Molecular Devices) and MiniAnalysis 6.0.3. (Synaptosoft, Decatur, CA). All events were used to assess spontaneous IPSC (sIPSC) frequency, but only unitary events (i.e., single peak) were used for sIPSC amplitude and decay time measurements. Weighted decay time of the area [ w(a) ] was determined as the area of each IPSC divided by its peak amplitude. The coefficient of variation in sIPSCs was then determined for both amplitude and weighted decay time for each recording. The average number of sIPSCs used in the analysis of variability within a recording was 476 Ϯ 50. To determine if sIPSC frequency predicted amplitude variability, neurons were classified as high frequency if their sIPSC frequency was greater than the group mean frequency.
Quantal analysis was completed as described previously (Edwards et al. 1990 ). For quantal analysis, the frequency of IPSC amplitudes was binned at 2 pA. Using OriginPro 9.1 (OriginLab, Northampton, MA), Gaussian curves were fitted to the peaks of these data. The IPSC amplitude at which each peak occurred was determined. The average difference between consecutive peaks was considered the quantal size for each recorded neuron.
For all experiments, only one cell was used per slice. Data are means Ϯ SE. Statistical measurements were performed using GraphPad Prism 5 (GraphPad Software, La Jolla, CA). A one-way ANOVA (treatment ϫ drug) with a Tukey's post hoc test was used to determine if KYN influenced sIPSC frequency means in unpaired analyses (i.e., drug effects in different neurons). For analyses of drug effects within a recording, a two-tailed paired Student's t-test was used to determine mean effects. A Kolmogorov-Smirnov (KS) test assessed individual neuronal responses to KYN application within a recording; a probability (P) value of Ͻ0.02 was considered significant for KS tests, which corresponded to a change in sIPSC frequency of Ն15%. For all other analyses, measurements done with no receptor antagonists present in the ACSF (nACSF) were compared between treatments using a two-tailed unpaired Student's t-test (i.e., saline-and STZ-treated animals). Correlation analyses determined if electrotonic filtering contributed to differences in synaptic parameters or variability and if a relationship existed between sIPSC frequency and synaptic variability. Except for the KS test results, P values Ͻ0.05 were considered significant for all statistical analyses.
RESULTS
Characteristics of STZ-Induced Hyperglycemia
There was no difference in the age of animals used between groups (46 Ϯ 3 days for saline-treated vs. 45 Ϯ 3 days for diabetic animals; P ϭ 0.9). The average blood glucose concentration of saline-treated CD-1 mice was 159.7 Ϯ 5.7 mg/dl (n ϭ 22). Mice were considered chronically hyperglycemic after maintaining Ͼ300 mg/dl blood glucose levels for at least 3 consecutive days following STZ treatment. The average blood glucose of STZ-treated mice on the day of the experiment was 480.6 Ϯ 17.0 mg/dl (P Ͻ 0.05; n ϭ 20). Animals were maintained in a hyperglycemic state for 3-7 days, with an average duration of 6 Ϯ 0.4 days. By the day of experimentation, STZ-treated mice weighed less (28.1 Ϯ 1.2 g) than saline-treated mice (33.8 Ϯ 1.4 g; P Ͻ 0.05), which is similar to previous reports (Boychuk et al. 2015b; Rerup and Tarding 1969) . Notably, peripheral STZ administration does not have neurotoxic effects in the DMV (Bach et al. 2015) .
Glutamate Drives Inhibitory Synaptic Activity in the DMV
sIPSC frequency. A previous report found no differences in GABAergic IPSC frequency, amplitude, or decay time in murine DMV neurons after 3-7 days of continuous hyperglycemia in STZ-induced diabetes (Boychuk et al. 2015b ). However, that study examined sIPSC parameters while ionotropic glutamate receptors were blocked, and glutamate receptor activation can profoundly modulate GABA release in the DMV (Babic et al. 2011; Bach et al. 2015; Derbenev et al. 2006; Xu and Smith 2015) . Therefore, the following experiments determined if GABAergic neurotransmission was altered after 3-7 days of STZ-induced hyperglycemia when glutamate receptors were active within the slice. To do this, sIPSC parameters in DMV neurons from saline-and STZ-treated mice were examined with no receptor antagonists present in the ACSF (nACSF) and compared with measures performed while ionotropic glutamate receptors were blocked with KYN. Under nACSF conditions, neurons from eight STZ-treated mice had significantly higher sIPSC frequency (12.5 Ϯ 2.7 Hz; n ϭ 21 neurons) compared with neurons from 13 saline-treated mice (6.0 Ϯ 1.1 Hz; n ϭ 26 neurons; P Ͻ 0.05, ANOVA, Tukey's post hoc; Fig. 1 ). In six DMV neurons (3 from saline-treated controls and 3 from STZ-treated mice), BIC (30 M) was applied to confirm that sIPSCs were indeed GABAergic; all sIPSCs were abolished after BIC application.
To further assess how glutamatergic neurotransmission influences sIPSCs in DMV neurons after chronic hyperglycemia, the within-recording effect of blocking ionotropic glutamate receptors was determined. In neurons from a different group of four saline-treated mice, the mean sIPSC frequency was not significantly different before (3.4 Ϯ 0.6 Hz) and after KYN application (2.9 Ϯ 0.8 Hz; n ϭ 8; P ϭ 0.55; Fig. 1C ). Individual neuronal responses were also examined using a KS test ( Fig. 1D ; n ϭ 8); sIPSC frequency could be significantly (P Ͻ 0.02; Ͼ15% change) increased (n ϭ 3; 28% of cells; 131. 5 Ϯ 96.4% change), decreased (n ϭ 4; 50% of cells; Ϫ60.4 Ϯ 9.7% change), or unchanged (n ϭ 1; 12% of cells). In contrast, the mean sIPSC frequency in eight DMV neurons from three STZ-treated mice was significantly decreased after KYN application (5.8 Ϯ 2.2 Hz) compared with nACSF (8.4 Ϯ 3.3 Hz; n ϭ 8; P Ͻ 0.05). This mean decrease was associated with a large percentage of neurons that responded to KYN with significantly decreased sIPSC frequency (75% of cells; 65 Ϯ 22% change; n ϭ 6; Fig. 1 ) and none with increased frequency. Therefore, chronic hyperglycemia results in an increase in glutamate's ability to drive GABAergic neurotransmission to the DMV. At the conclusion of the recording, neurons were voltage-clamped at Ϫ70 mV to confirm that excitatory PSCs (EPSCs) were completely blocked by KYN. Miniature IPSC frequency. To determine the cellular location of glutamate receptor-dependent modulation of GABA release, the effect of KYN application was examined in the presence of TTX (2 M) to block action potential firing (Fig. 2) . In TTX, addition of KYN did not significantly alter miniature IPSC (mIPSC) frequency in neurons from salinetreated mice (TTX: 3.1 Ϯ 1.6 Hz vs. KYN: 1.5 Ϯ 0.5 Hz; n ϭ 7; P Ͼ 0.05). The frequency of mIPSCs in individual DMV neurons from saline-treated mice was either increased (n ϭ 1), decreased (n ϭ 1), or unchanged (n ϭ 4) by KYN application in the presence of TTX (Fig. 2B) . Unlike for sIPSCs, mean mIPSC frequency in neurons from STZ-treated mice was unchanged after KYN application (TTX: 6.4 Ϯ 2.2 Hz vs. KYN: 6.2 Ϯ 2.7 Hz; n ϭ 7; P Ͼ 0.05). The effect of KYN on mIPSC frequency in individual DMV neurons was variable (29% increased, 29% decreased, and 42% no change; Fig. 2B ). Therefore, the ability of KYN to consistently decrease the frequency of GABAergic neurotransmission in DMV neurons from STZ-induced mice was abolished in the presence of TTX.
Other sIPSC parameters. Under normal recording conditions (i.e., no receptor antagonists), mean sIPSC amplitude in neurons from STZ-treated animals (41.9 Ϯ 2.4 pA; n ϭ 21) was not significantly different from that in neurons from the saline-treated group (41.8 Ϯ 2.0 pA; n ϭ 26; P ϭ 0.98; Fig.  3D ). Unlike a previous study of sIPSCs, which was performed in the presence of glutamate receptor blockade (Boychuk et al. 2015b ), mean sIPSC weighted decay time in neurons from STZ-treated animals (6.5 Ϯ 0.3 ms; n ϭ 21) was significantly shorter than in neurons from the saline-treated group (7.4 Ϯ 0.3 ms; n ϭ 26; P ϭ 0.04) when glutamate receptors were not blocked in the slice preparation.
Other mIPSC parameters. In the presence of TTX, mean mIPSC amplitude in neurons from STZ-treated animals (33.9 Ϯ 1.8 pA; n ϭ 8) was not significantly different from that in neurons from the saline-treated group (34.0 Ϯ 1.5 pA; n ϭ 12; P ϭ 0.99). Mean mIPSC weighted decay time in neurons from STZ-treated animals (6.8 Ϯ 0.4 ms; n ϭ 8) was also not different from that in neurons from the saline-treated group (7.2 Ϯ 0.3 ms; n ϭ 12; P ϭ 0.44). 
Synaptic Variability in the DMV
sIPSC amplitude variability. In nASCF, the amplitude of sIPSCs in individual DMV neurons varied from just a few to several hundred picoamperes during the 2-min recording period. For example, the smallest measureable sIPSC in a single DMV neuron was 11.7 pA, and the largest event was 236.8 pA. This type of variability is illustrated in Fig. 4, A and 
B.
Amplitudes were typically skewed toward smaller values (Ͻ75 pA; Fig. 4B ). The average coefficient of variation for sIPSC amplitude in DMV neurons from saline-treated animals was 0.56 Ϯ 0.02 (Fig. 5B) . As demonstrated in Fig. 4C , this variability was not associated with changes in recording quality or sIPSC amplitude stationarity, since there was no relationship between sIPSC amplitude and time of recording (R 2 ϭ 0.004). Neurons from STZ-treated animals demonstrated considerably greater amplitude variability compared with neurons from saline-treated animals. In the STZ-treated group, the average coefficient of variation was 0.68 Ϯ 0.04 ( Fig. 5B ; n ϭ 21; P Ͻ 0.05). To ensure that differences were not related to variability in electrotonic filtering between neurons from saline-and STZ-treated mice, the analysis of amplitude variation was restricted by rise time in two different ways. First, analysis was restricted only to events with rise times that fell one standard deviation away from the mean. A second analysis used only the fastest 50% of rise times. In all cases, the differences in variability remained between groups. A third, independent analysis to assess electrotonic filtering effects used a correlation analysis between the rise and decay times. The correlation between rise time and decay time was also not significant in cells from either saline-treated (mean P value ϭ 0.31 Ϯ 0.06; mean R 2 ϭ 0.01 Ϯ 0.006) or STZ-treated mice (mean P value ϭ 0.28 Ϯ 0.07; mean R 2 ϭ 0.02 Ϯ 0.01) or between groups (P ϭ 0.8 for mean linear regression P value; P ϭ 0.6 for mean R 2 ). Together, these data suggest that differences in variability between DMV neurons from saline-and STZ-treated were not mediated by differences in electrotonic filtering.
GABA A receptors are highly adaptable to ligand activation and increased receptor occupancy (i.e., through increased neurotransmitter release) should decrease amplitude variability (Faber et al. 1992; Frerking et al. 1995) . Therefore, a correlation analysis between synaptic current amplitude variability and frequency of synaptic activity was used to determine if the high frequency of GABAergic sIPSCs related to changes in amplitude variability. Interestingly, sIPSC frequency in DMV neurons from STZ-treated animals with the highest sIPSC frequencies (greater than the mean frequency of 12.5 Hz) was positively correlated with amplitude variability (P Ͻ 0.05; , grouped as neurons with frequencies lower (OE) or higher () than each group mean. E: mean sIPSC amplitude variability between neurons from saline (n ϭ 24)-and STZ-treated mice (n ϭ 25) after KYN application. F: correlations between sIPSC amplitude variability and frequency in neurons with highest frequency from saline (ᮀ) and STZ-treated groups () after KYN application. Note that each group axis in D is different for better visualization of differences. *P Ͻ 0.05, significant difference from saline-treated group. **P Ͻ 0.05, significant correlation between frequency and amplitude CV. R 2 ϭ 0.65; n ϭ 8; Fig. 5D ). A similar relationship did not exist for neurons from saline-treated mice (Ͼ6.0 Hz; P Ͼ 0.05; R 2 ϭ 0.39; n ϭ 7). Additionally, this relationship did not exist in either saline-or STZ-treated groups for individual DMV neurons with sIPSC frequencies lower than their respective group mean frequencies. KYN application eliminated the high-frequency groups, and therefore amplitude variability differences were not observed between neurons from saline-and STZtreated mice (coefficient of variation ϭ 0.67 Ϯ 0.04 in salinetreated mice, n ϭ 24, and 0.71 Ϯ 0.04 in STZ-treated mice, n ϭ 25; P Ͻ 0.05; Fig. 5E ). Therefore, higher sIPSC frequency in DMV neurons predicted greater sIPSC amplitude variability from animals with chronic hyperglycemia, but not in control mice, and ionotropic glutamate receptor blockade eliminated the heightened sIPSC amplitude variability in STZ-treated mice (Fig. 5F) .
sIPSC decay time variability. In each DMV neuron under nASCF conditions, the weighted decay time of sIPSCs varied considerably over the 2 min of recording examined. This variability is illustrated in Fig. 4 , D and E. The weighted decay time variability was not associated with changes in the quality of the recording, since there was no change in decay time during recordings (R 2 ϭ 0.01; Fig. 4F ). The mean coefficient of variation for weighted decay time in DMV neurons from saline-treated animals was 0.46 Ϯ 0.02 (n ϭ 26; Fig. 5C ). There was no difference in mean coefficient of variation for weighted decay time between saline-and STZ-treated mice (0.46 Ϯ 0.02; n ϭ 21; P Ͼ 0.05; Fig. 5C ). No differences were determined when analysis was restricted by rise time, suggesting that variability was not mediated by differences in electrotonic filtering. Although mean decay time constant was faster in DMV neurons from STZ-treated, hyperglycemic/hypoinsulinemic vs. saline-treated control mice, decay time variability was similar for the two groups.
Quantal Analysis of GABAergic Neurotransmission
To determine if STZ-induced hyperglycemia altered the quantal size of GABA release per event, quantal analysis was completed. A representative histogram and its individual Gaussian curves from both treatment groups are demonstrated in Fig. 6A . In 11 neurons from saline-treated animals, the average quantal size from GABAergic terminals synapsing on the DMV was 16.15 Ϯ 1.0 pA (Fig. 6B) . This was not different in neurons from STZ-treated animals (14.56 Ϯ 1.1 pA; n ϭ 7; P Ͼ 0.05). Differences in mean frequency and amplitude variability of sIPSCs were therefore not predicted by a difference in quantal size.
DISCUSSION
The present study investigated the effect of glutamatergic neurotransmission on synaptic GABAergic currents in the DMV after the induction of chronic hyperglycemia in STZtreated mice. A diabetes-associated increase in synaptic glutamate release has been reported previously in this model (Bach et al. 2015; Zsombok et al. 2011 ). The present results suggest that this plasticity contributes to glutamate-mediated modulation of GABAergic neurotransmission, even after glucose concentration is normalized in vitro. The facilitation of GABAergic synaptic activity was coupled with shorter weighted sIPSC decay times. Although sIPSCs in DMV neurons had significant variation in both amplitude and weighted decay time under nASCF conditions, sIPSCs in neurons from STZ-treated animals displayed significantly more variability in amplitude than those from saline-treated animals. These changes were not associated with altered quantal size, but elevated amplitude variability was strongly correlated with frequency in DMV neurons from STZ-treated animals with the highest sIPSC frequencies, and these differences were obviated by ionotropic glutamate receptor blockade. Taken together, these results suggest a significantly increased glutamate receptor-mediated facilitation of GABA release in the DMV, which contributes to significant increases in variability of synaptic GABAergic responses.
In nACSF, sIPSC frequency in neurons from STZ-treated animals was significantly elevated compared with that in neurons from saline-treated animals. The elevated sIPSC frequency was abolished in the presence of KYN, suggesting involvement of enhanced glutamate receptor-mediated excitation of GABAergic neurons presynaptic to the DMV in facilitating inhibitory drive to DMV neurons after chronic hyperglycemia. These data are consistent with previous reports demonstrating no differences in sIPSC frequency in the presence of KYN (Boychuk et al. 2015b ) and those demonstrating elevated glutamatergic activity in both the DMV and NTS (Bach et al. 2015; Zsombok et al. 2011) . TTX also normalized synaptic GABA release in DMV neurons from STZ-treated animals, indicating that the change in GABA release measured in the current study was action potential dependent. Interestingly, although unchanged by the induction of hyperglycemia/ hypoinsulinema, results of quantal analysis suggested that GABAergic synapses on DMV neurons release two quanta on average, since mean mIPSC amplitude was approximately twice the mean quantal amplitude.
Together, these data imply that the glutamate receptors responsible for the facilitation of sIPSC frequency are located on the soma-dendritic region of upstream GABA neurons within the slice. This input may arise from the NTS, which provides significant GABAergic projections to the DMV (Babic et al. 2011; Davis et al. 2004; Glatzer et al. 2003; Williams et al. 2007 ). The underlying source of the elevated glutamate activity could include increased sensitivity of NTS (or other) neurons to glutamate or increased glutamate release onto upstream GABA neurons contained within the slice, perhaps from vagal afferents. Primary viscerosensory vagal afferents from the gastrointestinal tract, which are implicated in the success of insulin-independent systemic glucose regulation and treatment of diabetes (Breen et al. 2012 (Breen et al. , 2013 , synapse within the dorsal vagal complex, where they activate ionotropic glutamate receptors on postsynaptic NTS neurons (Andresen and Yang 1990; Smith et al. 1998; Zhao et al. 2015) . Glutamate release from vagal primary afferents onto subsets of NTS neurons is increased when glucose concentration is elevated acutely in vitro (Boychuk et al. 2015a; Wan and Browning 2008) . Under conditions of elevated glutamate release, which occurs in STZ-treated mice, NMDA and kainate, but not AMPA, receptors located on presynaptic terminals modulate GABA release in the DMV . Additionally, in most NTS neurons, high-frequency activation of primary viscerosensory afferents promotes a sustained depolarization and action potential firing that is mediated by NMDA receptordependent mechanisms (Zhao et al. 2015 ). An increase in sensitivity of NMDA receptors on NTS neurons has been reported previously in STZ-treated, hyperglycemic mice (Bach et al. 2015) . Thus diabetes may lead to increased glutamate release in the NTS and/or enhanced glutamate receptor-mediated responses in NTS neurons, resulting in a sustained increase in glutamate responsiveness of inhibitory projections from the NTS to the DMV.
In general, DMV neurons demonstrated large variations in both sIPSC amplitude and weighted decay time. IPSCs evoked in NTS neurons after tractus solitarius stimulation showed similarly large variability (McDougall and Andresen 2012) . Amplitude variability of sIPSCs recorded from the soma can arise from differences within or between individual synaptic contacts of the recorded cell (Bekkers and Clements 1999) . Although variation in synaptic parameters is associated with the concentration of GABA within the synaptic cleft (Faber et al. 1992; Nusser et al. 1997; Williams et al. 1998 ) and phosphorylation state of postsynaptic receptors (Jones and Westbrook 1997; Nusser et al. 1999; Poisbeau et al. 1999) , diversity of GABA A receptor subunit composition is considered a prominent source of variability in synaptic signaling (Cherubini and Conti 2001; Eyre et al. 2012; Nusser et al. 1997 ). This type of subunit diversity has been demonstrated functionally in the DMV Smith 2010a, 2010b) , and responses of GABA A receptors mediating extra-/perisynaptic inhibition are functionally altered in STZ-treated mice (Boychuk et al. 2015b) . Subtle subunit reorganization at synaptic receptors was also implied, since sIPSCs in DMV neurons from STZ-treated animals demonstrated altered subunit-specific agonist sensitivity. Given the diversity of GABA A receptor subtypes in the DMV, it is possible that shortened sIPSC decay times and increased amplitude variability in neurons from hyperglycemic/hypoinsulinemic mice reflect a modification of subunit composition, membrane location, or phosphorylation state of synaptic GABA A receptors in the DMV (Abramian et al. 2010; Boychuk et al. 2015b; Jones and Westbrook 1997; Krishek et al. 1994; Nusser et al. 1999; Poisbeau et al. 1999) . Future studies should investigate further the diabetes-associated plasticity of GABA receptor function, since GABAergic inhibition potently modulates DMV neuron responses and parasympathetic visceral motor function (Babic et al. 2011; Davis et al. 2004; Feng et al. 1990; Mussa and Verberne 2008; Travagli et al. 2006; Washabau et al. 1995) .
In neurons with high sIPSC frequency, the frequency correlated positively with amplitude variation in DMV neurons from STZ-treated, but not saline-treated mice, suggesting that glutamate-mediated facilitation of GABA release in the DMV might cause a functional alteration of postsynaptic GABA A receptor density in the DMV. GABA A receptor-mediated neurotransmission to DMV neurons arises from convergent inputs from multiple NTS neurons (Davis et al. 2004) . Individual synaptic contacts express high levels of receptor heterogeneity across central synapses (Craig and Boudin 2001) , so it is possible that changes in amplitude variability, but not mean amplitude, arise from hyperglycemia/hypoinsulinemia-induced plasticity within just a subset of these projections. These altered projections may arise selectively from GABAergic synapses located on the distal dendrites of DMV neurons, since amplitude variability increases with distance from the soma (Magee and Cook 2000) .
Variability in sIPSC amplitude also results from differences in neurotransmitter concentrations within the synaptic cleft (Frerking et al. 1995) , suggesting that elevated transmitter release should result in lower variability in sIPSC amplitudes (Hajos et al. 2000) . GABA concentration seems likely to be higher in the DMV from hyperglycemic mice (i.e., inferred by increased sIPSC frequency), making the positive correlation between neurons with the highest frequency and amplitude variability somewhat surprising. It suggests, rather, that diabetes-related remodeling of DMV circuits may include an increased postsynaptic receptor density that exceeds that necessary to accommodate the greater ambient GABA concentration (see Fig. 7 ). A decrease in GABA concentration, relative to available receptors, would predict both decreased decay time and increased variation in amplitude of sIPSCs, which were both detected in this study. It also implies a significant decoupling of the relationship between GABA release and receptor concentration in a large subset of neurons. Similar decoupling is suggested by the altered tonic GABA current density reported previously (Boychuk et al. 2015b ). This decoupling could be mediated by or in addition to a reorganization of synaptic GABA receptor subunit composition after hyperglycemia/hypoinsulinemia. Therefore, diabetes may be related to an inappropriate postsynaptic mechanism of adaption to presynaptic GABA release at distal synapses.
Conclusions
After 3-7 days of continuous hyperglycemia/hypoinsulinemia, glutamate induced an action potential-dependent increase in synaptic GABA release when glucose concentration was standardized, suggesting a sustained functional plasticity of vagal circuits that outlasts the period of hyperglycemia. Alternatively, the changes could reflect an adaption in response to a return to normalized glucose concentration in these mice. This increased inhibition would be expected to inhibit parasympathetic control of subdiaphragmatic organs, including altered gastric function, diminished pancreatic secretory function, and suppressed braking of hepatic gluconeogenesis. This reduced parasympathetic output, especially the effect on hepatic gluconeogenesis, would be predicted to result in centrally mediated maintenance of hyperglycemia rather than an appropriate compensation. Changes in glutamatergic modulation of GABA release in the DMV might therefore contribute to the maintenance of a hyperglycemic state. The circuitry within the dorsal vagal complex should continue to be investigated as a potentially novel therapeutic target in the treatment of diabetes.
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